ABSTRACT This paper presents the fabrication and characterization of metal-insulator-metal (MIM) diodes on flexible substrates for RF and microwave circuit applications. Diodes using two types of insulators, titanium dioxide (TiO 2 ) and nickel oxide (NiO), are investigated. These insulators are obtained using different oxidation techniques, i.e., in-situ oxidation for TiO 2 and plasma oxidation for NiO. Asymmetric metal contacts (Ti-TiO 2 -Pd and Ni-NiO-Mo) are utilized to achieve nonlinear I -V characteristics. The fabricated diodes show strong non-linearity, high current densities, and low turn-ON voltage. The diodes show RF to dc rectification with near-ideal behavior and rectification sensitivity of 22 V/W (18 GHz) and 46 V/W (18 GHz) for TiO2 and NiO, respectively. NiO-based diodes barrier shows higher current density and higher cutoff frequency in comparison with TiO 2 as expected diodes due to thinner oxide and lower dielectric constant. The diodes also work well as frequency doublers over a wide frequency range of 1-4 GHz for TiO 2 and 2-10 GHz for NiO-based diodes. Good dc and RF performance of diodes indicate that good quality oxide can be achieved on plastic substrates and MIM devices can provide a perfect solution for RF and microwave circuits on a flexible substrate.
I. INTRODUCTION
Microwave circuits on flexible substrates have a broad range of emerging applications such as personal wearable electronics, sensors, wearable health monitoring devices, and the Internet of Things [1] - [3] . These circuits require both active as well as passive components. The progress in the integration of active elements such as diodes and transistors onto the flexible substrate is still lagging behind their passive counterpart (resistors, capacitors, inductors, antennas) [1] , [4] . Use of plastic substrates is wanted to reduce the cost, enhance performance (lower substrate losses) and enable fitting of circuits within small lattice space. In a typical microwave circuit majority of the area (> 90%) is covered by large passive components which do not require a high-quality semiconducting substrate. However, the integration of good quality semiconducting films on polymer substrates is still a significant challenge.
Semiconducting materials with high electron mobility and mechanical flexibility are required for flexible GHz electronics. However, direct growth of semiconductors on a plastic substrate uses low-temperature resulting in polycrystalline films with the high concentration of grain boundaries which degrades the charge transport and high-frequency performance [5] . Micro or nanoscale semiconducting structures such as nanowires, ribbons, disks, platelets can be solution processed and transferred onto plastic substrates easily. Recently, both Si and GaAs have been transferred to create thin-film transistors (TFTs) on plastic substrates [6] - [8] . However, there are still many challenges associated with semiconducting nanostructures such as achieving low resistance Ohmic contacts without performing annealing and, the growth of high-quality gate oxide. In the past, organic semiconducting materials have also been investigated for fabricating transistors and diodes on flexible circuits due to their mechanical resilience and extreme bending stability [9] ; however, their lower mobility limits their operation to Kilohertz or Megahertz range at best [10] , [11] . Recently, carbon-based nanomaterials like carbon nanotubes (CNTs) and graphene have gained attention due to their high mobility, low cost, and compatibility with flexible substrate [12] - [15] .
However, significant challenges remain such as low resistance Ohmic contacts, the growth of high-quality gate oxide, separation of metallic and semiconducting CNTs, and sizeable bandgap opening in graphene.
Metal-insulator-metal (MIM) based thin technology can provide an alternative non-semiconductor solution. A MIM device is comprised of only amorphous materials and thus avoids any issues of grain boundaries. MIM diode is a thin film device made of two metal electrodes separated by a very thin insulating layer. The conduction of charge carriers occurs via quantum tunneling which leads to nonlinear currentvoltage characteristics [16] . Tunneling leads to nonlinear current-voltage characteristics that depend on the energy barrier and is independent of temperature [17] , [18] . As MIM diodes are not semiconductor-based devices, therefore, they are not limited by slow conduction band process and also very low parasitic resistance is expected due to the use of all metal electrodes. MIM devices can be fabricated on any substrate including on top of existing CMOS circuitry by using the standard fabrication facilities while maintaining low process temperatures. In the past, MIM diodes have been investigated for various applications such as infrared detection [19] , solar rectenna [20] , energy harvesting [21] , and THz imaging [22] . MIM diodes with dissimilar metal electrodes are used to obtain significant non-linearity and asymmetry. Various combinations of different metals and dielectrics have been investigated such as Ni-NiO-Cr [22] , Al-AlO x -Pt [19] and Ti-TiO 2 -Al [23] . However, most of the previously reported MIM diodes are fabricated on the rigid substrate. Also, most of the published papers show the high-frequency performance of diodes based on calculations and not the actual experimental results. For example, RF rectification characteristics of the diode are derived based on measured I-V characteristics, the ratio of second derivative and first derivative as opposed to direct measurement [19] , [20] , [24] , [25] . The additional goal of this paper is too experimentally characterize the highfrequency performance of MIM diodes fabricated on plastic (flex) substrate. This paper uses two different dielectrics, i.e., TiO 2 and NiO with asymmetric contacts. This paper builds on our prior study on MIM based microwave circuits [26] , [27] using TiO 2 . Here, oxide with lower dielectric constant (NiO) is investigated presented to obtain diodes with higher cut-off frequency. Furthermore, plasma oxidation is used to get a uniform thin layer of oxide. A comparison is made between the performances of different diodes to show how the quality of oxide can affect the performance of the diode. The experimental results for current-voltage characteristics, microwave rectification (up to 22 GHz), S-parameter (equivalent model) and frequency multiplication (up to 2nd order harmonic of 20 GHz) are presented. The result shows NiO device performing better than TiO 2 devices and displaying higher cut-off frequencies. In addition to the direct measurement of rectification; voltage sensitivity of diodes is calculated from the diode parameters (equivalent model) by matching the S-parameter measurements. An approximate value of the dielectric thickness and the barrier height between the metal-oxide interfaces for a MIM diode with different electrodes is determined theoretically. The paper also presents a more comprehensive report of the results and discussion of results including the zero bias resistance, calculated voltage rectification sensitivity, comparison of measured results to the results using theoretical modeling. To the best of our knowledge, this is the first time a detailed experimental characterization of MIM diodes for application in microwave circuits on flexible substrates is reported.
II. DESIGN
The equivalent small signal model of a diode is important for high-frequency circuit applications, which is discussed here first. The equivalent model includes the voltage-dependent diode resistance (R d ), series resistance (Rs), series inductance (Ls) and diode shunt capacitance (C d ). For highfrequency performance, diodes with strong non-linearity and low parasitic (R s , L s , C d ) are needed. The C d can be minimized by using small area (A) and using a low dielectric constant oxide layer (ε r ). Diodes with strong nonlinearity and low R d and C d values are essential to achieve high cut-off frequency. For low R s and Ls, the cut-off frequency can be approximated as:
The estimated frequency of operation of MIM diode can be determined by the capacitance which is given by the relation as:
The performance of a tunneling diode also depends on the thickness of the insulating layer and barrier height (difference in work function between interface layers) [28] . Here, ε 0 is the permittivity of free space dielectric, ε r is the dielectric constant, d is the thickness of the insulator layer, and A is the area of the diode. The diode capacitance (C d ) can be minimized by using small contact area (A) and using a low dielectric constant oxide layer. Some of the most commonly used dielectrics for MIM diodes are listed in Table. 1 [29] - [31] . This paper utilizes two different dielectric systems: TiO 2 and NiO with dielectric constant values of 55 and 11.9 respectively. Asymmetric electrodes are used to achieve asymmetric I-V characteristics. Ti(4.33 eV)-Pd(5.22 eV) and Ni(5.15 eV)-Mo(4.36 eV) are used here as asymmetrical metal contacts on TiO 2 and NiO, respectively. Non-reactive metals, Pd and Mo are used as the top electrode. These diodes are referred to as diode A for Ti-TiO 2 -Pd and diode B for Ni-NiO-Mo in the rest of the paper. The quality of insulating layer is also essential, and various deposition techniques have been investigated in the past including atomic layer deposition, sputtering, electron beam deposition and naturally formed oxides [18] , [19] , [23] , [25] . Here, TiO 2 (diode A) was formed using in-situ oxidation, and NiO (diode B) using plasma oxidation.
The diodes are coupled to a 50 coplanar waveguide (CPW) structure for wafer probing as shown in Figure 2 . The dimensions of CPW's structures are designed using Agilent ADS for Polyether Ether Ketone (PEEK) substrate which has a dielectric constant of 3.3 and thickness of 250 µm. The calibration structures are also designed for de-embedding during S-parameters measurements and to accurately calculate the diode characteristics at RF frequencies, measurements. The structures are realized using two lithographic mask layers, where the first mask layer ( Figure. 2(a) ), was used to pattern structure on the bottom electrode, and the second mask ( Figure. 2(b) ), is used to define the top metal layer. The small overlap area between the two mask layers establishes the diode area as shown in Figure. 2(c). Figure. 3. shows the fabrication steps for both Diode A and B. The substrate is first cleaned by ultra-sonicating in acetone, Iso-propanol, and DI-water. For Diode A, Figure 3A (ii), a Ti (200 nm) is first deposited on the patterned photoresist, using standard e-beam evaporation followed by an oxidation layer. A thin layer of TiO 2 is formed using in-situ oxidation ( Figure 3A (iii)), by flowing high purity oxygen in the chamber while depositing Ti at slower deposition rates. In-situ oxidation has been used in the past to obtain thin TiO 2 films for MIM structures [23] . During TiO 2 deposition, O 2 was introduced into the chamber, and the deposition was done at much lower power. Set of experiments were conducted by varying oxygen gas flow rate. Following oxidation, Ti/TiO 2 layer is lifted off to define the bottom layer of the CPW structures, Figure 3A (iv). A thin layer of Pd (150 nm) is blanket deposited using e-beam evaporation and patterned. Palladium is then selectively etched using FeCl 3 as shown in Figure 3A (v). The overlap between the top (Ti/TiO 2 ) and bottom (Pd) layer defines the diode area as shown in Figure. 2(c). Diodes with different areas, 48 µm 2 (Diode A1) and 9 µm 2 (Diode A2), were fabricated and their RF performances are compared. Figure 3 (B) shows the process flow for Type B diode. Firstly, a 200nm thick Ni is deposited on patterned photo resist using electron beam deposition. A thin insulating layer of NiO is then formed through plasma oxidation process in a reactive ion beam (RIE) chamber. Here, different sets of the flow rate of the oxygen, power and plasma time were tried to determine conditions that provide growth of highquality NiO, determined using measured I-V characteristics. Optimal growth conditions are as follows: oxygen flow of 60 sccm, the power of 200W and plasma time of 480s. This provides uniform growth and devices with strong nonlinear electrical characteristics of the device as discussed in the next section. Following oxidation, Ni/NiO layers were lifted off, Figure 3B (iv). Lift off was carried out after oxidation to avoid etching of the PEEK substrate during the plasma process. The top metal layer of Mo (150 nm) is then deposited using sputtering and is also patterned using a lift-off process, Figure 3B (v). The optical micrograph of the fabricated structure is shown in Figure 4 (a) with overlap area defining the area of the diode. Figure 4(b) shows the fabricated samples on flexible PEEK substrate. 
III. DIODE FABRICATION

IV. CURRENT DENSITY-VOLTAGE (J-V) MEASUREMENTS
The room temperature current density-voltage (J-V) characteristics of diode A and diode B diode are shown in Figure 5 and 6, respectively. It can be observed from the J-V plots that both types of diodes demonstrate a high degree of non-linearity and asymmetry. Diode A shows current density much higher than previously reported for TiO 2 based MIM diodes [23] . Diode B (NiO) shows the current density of 450mA/cm 2 (+ 0.2 V) which is also better than previously reported diodes (Ni-NiO-Cr/Au) using plasma grown NiO [22] , [32] , [33] . Higher current density can be attributed to improved barrier height and lower insulating layer thickness [16] .
The inset of Figure 5 and 6 shows the change in asymmetry ratio for the applied bias for diodes A and B, respectively. The asymmetry or rectification ratio is the ratio of forwarding current to reverse current. The diodes are reasonably asymmetric as required for microwave circuit designs. For both diodes, the asymmetry ratio increases monotonically with the applied bias voltage and reaches a value of 4.0 at V = 0.3 V for diode A and about 50 at V = 0.2 V for diode B. The asymmetry is higher than previously reported for TiO 2 and NiO based MIM diodes [12] , [13] , [15] , [22] , and it preserves the asymmetry over applied voltage range. Comparing the two types of diodes, the diode B shows lower turn-on voltage, stronger non-linearity, and higher asymmetry and higher current density. Thinner and better quality insulation layer (NiO) accomplished through plasma oxidation contributes to the better performance of type B diodes. The zero bias resistance (R = dV/dI) of 0.1 M and 6 K for diode A and B, respectively. The NiO based diodes have lower differential resistance than TiO 2 based diodes due to thinner tunneling barrier. The diodes also show lower zero bias resistance in comparison to previously reported diodes [23] , [25] which is very important for rectenna applications. The lower zero bias resistance of Type B diodes further verifies that good quality thin oxide can be achieved through plasma oxidation.
An approximate value of the dielectric thickness and the barrier height between the metal-oxide interfaces for a MIM diode with different electrodes can be determined theoretically by using the relationship formulated by Simmons [34] given as:
where J is the current density in A/cm 2 , s is the effective barrier thickness in Å and is the mean barrier height in eV. Two different potential barriers are between the first metal layer and the insulator ( 1) , and between the second metal layer and the insulator ( 2). For a forward bias, the tunnel current density was calculated by substituting s with the physical thickness of the insulator and = ( 1 + 2 − V)/2 in Equation (1).
Typical barrier heights reported are usually 1 eV or less. By curve-fitting, the measured data points to the fitted theoretical J-V fit, parameters such as s and can be determined. 
V. MICROWAVE RECTIFICATION
MIM diodes coupled with antennas are increasingly explored for rectenna applications. To the first order, the sensitivity of a microwave to DC rectifier can be calculated from the I-V characteristics. Most of the previously presented papers [19] , [20] , [24] , [25] show calculated sensitivity value which does not account for impedance mismatch and other losses. There are only a few papers which present the experimental results of rectification for MIM diodes [25] , [33] . Here, the measured rectification results are presented for diodes fabricated on flexible substrates. The diodes were measured by probing the devices using an on-wafer 50 coplanar ground Signal Ground (GSG) probe with no external impedance matching. For the measurement, the signal (RF + DC) is applied and measured through a combination of CPW probe, T-Bias, directional coupler, spectrum analyzer and nano-voltmeter. The directional coupler is used to acquire the reflected signal from the diode. All results presented in this section are after system calibration which removes the losses from the cables and connectors.
Firstly, on-wafer S-parameter measurements of diodes were carried out using RF probes and Agilent N5227A Network Analyzer from 1-20 GHz at an input power level of −10 dBm. The value of components in small signal equivalent model (Figure 1 ) of the diode was determined by fitting the measured S-parameters to the model. Then rectification/voltage sensitivity (β v ) of the diode is calculated from diode parameters using the Equations (4) and (5) [35] . Here, γ is curvature coefficient; is mismatch losses, and (1 − 2 ) in equation 1 accounts for the absorbed power. The curvature coefficient γ is the ratio of the second derivative of the diode I-V characteristics to its first derivative, in most cases, γ = q/nk B T, where k B is the Boltzmann Constant, T is the temperature, q is the electron charge, and n is the ideality factor. The curvature coefficient is the measurement of the nonlinearity of the diode current-voltage (I-V) characteristic.
The extracted values from the fitted model for all the devices are shown in Table 2 . Using these values and γ of 14 for diode A and B, the voltage sensitivity is calculated as shown in Table 2 . The voltage sensitivity can be used to calculate rectified voltage (P in β v ). A good match is accomplished over the entire input power range. A discrepancy between the calculated and measured values is due to the error in the measurement of power. It can also be seen from the results that the rectified voltage changes linearly with input power over a wide power range at measured frequencies, thus the diodes follow the square-law detection.
Type A diode (TiO 2 ) shows rectified voltage of 4.6 mV (18 GHz) and 3.95 mV (6 GHz) at input power levels of −6.5 dBm for diode A1 and A2, respectively. NiO based diodes show rectified voltage of 9.8 mV (18 GHz) and 7.28 mV (16 GHz) for diode B1 and B2, respectively, also at a fixed input power level of −6.2 dBm. Comparing the VOLUME 6, 2018 rectification performance of the best performing TiO 2 and NiO (A1 vs. B1) based diodes at 18 GHz, diode B1 shows higher sensitivity of 46 V/Watt in comparison to 22 V/Watt of diode A1. The rectification results clearly show) by carefully selecting the oxide layer (lower ε r ) even larger area diodes (B1 ∼ 36 µm 2 ) can be used to get better performance than smaller area diode (A1 ∼ 9 µm 2 ). Diode A shows higher series resistance due to the thicker oxide and lower conductivity of the Ti contacts. Increasing the thickness of the metal electrode and using plasma oxidation to obtain better quality TiO 2 can improve series resistance. Comparing the same type of diodes with different areas, i.e., diode A1 vs. A2 and diode B1 vs. B2, the capacitance scales with the area as expected.
VI. HARMONIC GENERATION
Frequency multipliers or harmonic generators have applications in frequency synthesizers, transceivers, and down converters. Antenna-coupled diodes are often used for harmonic generation in wireless sensing applications. Here, the authors report MIM based frequency multiplication for the first time. For experimental set-up, the signal generator supplies the RF signal to the diode through a directional coupler (HP87300B) and T-Bias, and output power and frequency is measured using a spectrum analyzer. Second (2 × f in ) and third (3 × f in ) order frequency multiplication were observed for both TiO2 and NiO based diodes. Figure 10 and 11 shows the output power of the 2nd and 3rd harmonic for Type A and Type B diode as a function of frequency at a fixed input power level and bias voltage. Comparing TiO 2 and NiO based diodes; the latter has a much lower capacitance which is due to the lower dielectric constant of NiO. The cutoff frequency is the primary performance indexes of the devices for high-frequency applications which can be extracted from S-parameters. From the equivalent model, the area required for devices with cut off frequencies in mm-wave or terahertz range can be estimated. Assuming the parasitic inductance of the device is small, and the contact resistance has similar value, the active area of 1µm 2 for a NiO based device can provide a cutoff frequency above 100 GHz. Such an area can readily be fabricated using conventional lithography.
Comparing the performance of TiO 2 and NiO based diodes with same area (48 µm 2 ), i.e., diode A2 vs. diode B2, the latter shows 2nd order frequency multiplication at higher fundamental frequencies( up to 10 GHz), while diode A2 shows multiplication only up to 4 GHz. Also, Diode B2 indicates much higher output power at the 2nd harmonic of −52 dBm (2 * f in = 20 GHz) in comparison to diode A2 which shows −66 dBm (2 * f in = 8 GHz) of output power at the same input power of −4.0 dBm. Comparing the best performing diodes, diode A1 vs. B1, the latter performs better at higher frequencies although its area is four times larger than Diode A1. Overall, the NiO based diode shows better performance which can be attributed to smaller series resistance and lower capacitance.
The output power of 2nd harmonic was also measured as a function of input power (fundamental frequency). Figure 12 and 13 show the output power of the 2nd harmonic as a function of input power for Type A and Type B diodes at different fundamental frequencies. The output power increases linearly with input power over the entire input power range, and a smooth behavior shows a stable operation. This linear change further proves that the nonlinearity is strong enough to trigger harmonic signal generation. The output power for A2 is much smaller than A1 due to the larger area. The result for frequency multiplication shows the same trend as for rectification, i.e., NiO device performing better than TiO 2 devices.
VII. CONCLUSION
In conclusion, MIM diodes are demonstrated as a nonsemiconductor solution for microwave circuit applications on flex (polymer) substrates. Two types of MIM diodes with asymmetrical electrodes are presented: Ti-TiO 2 -Pd (in-situ oxidation) and Ni-NiO-Mo (plasma oxidization). The NiO based diodes show higher current densities and asymmetry in comparison to TiO2 based diodes. This can be attributed to the thinner and higher-quality NiO in contrast to TiO 2 . High-frequency characterization of MIM diodes was carried out using the following: (1) S-parameters measurement and equivalent modeling (2) Microwave to DC rectification (3) Frequency multiplication. The diodes provide good rectification with a measured sensitivity of 22 V/W and 46 V/W for TiO2 and NiO based diode, respectively. The diodes also show 2nd and 3rd order frequency multiplication. The TiO 2 based devices show multiplication in the frequency range of 1-4 GHz, while the NiO based diode shows multiplication at an even higher fundamental frequency range of 2-10 GHz. NiO based diodes show better performance at higher frequencies due to lower capacitance than TiO 2 diodes. By scaling these devices, frequency multiplication at even higher frequencies can be achieved. The area required for the diodes operating at millimeter wave is determined to be < 1 um2 for a NiO based device using equivalent model. Overall, the encouraging results from this work will motivate further research on the realization of high-performance flexible GHz circuits using MIM diodes.
